We present the experimental demonstration of a nonlinear enhanced gyroscope using counterpropagating light in a microresonator. This could enable the realization of integrated optical Sagnac sensors with enhanced sensitivity via the Kerr nonlinearity.
. Principle of symmetry breaking when pumping a nonlinear microresonator equally from both directions. (a) Photograph of our silica microrod resonator (diameter 3 mm) coupled to a tapered optical fiber. (b) Kerr interaction produces twice as strong a refractive index for counterpropagating light. In a microresonator this leads to spontaneous symmetry breaking of the optical modes in the clockwise and counterclockwise directions. (c) At low powers, when pumping a microresonator symmetrically from both directions, a standing wave will form in the resonator. The pump has to be blue-detuned from the resonance for passive thermal locking of the resonator to the laser [7] . (d, e) At higher power this symmetry breaks and light can only enter the resonator in one direction because of the different resonance frequencies in the clockwise and counterclockwise directions. (f) Spontaneous resonance frequency splitting as a function of launched optical power into the resonator (equal power in both directions).
Here we present new results that specifically test the enhanced rotation sensor concept. A microrod resonator similar to that in Figure 1a is mounted in a setup that can freely rotate around the axis of the resonator (see Figure 2a) . Figure 2b is a simplified schematic of the optical circuit, in which the resonator is pumped symmetrically in both directions while the transmissions are measured with photodiodes. Theoretical curves for the coupled power (i.e. the drop in transmitted power) and sensitivity to rotation versus the pump detuning are given in Figure 2c , for pump powers slightly above the symmetry breaking threshold. The system is kept at the left-hand bifurcation point of the green curve in the upper panel where the sensitivity to rotation is at a maximum. The difference in transmitted power between the two directions is recorded alongside the rotation velocity measured with a commercial MEMS-based sensor.
Preliminary results show a sensitivity of a few degrees per second, limited by the accuracy with which we balance the pump powers in the two directions. This is expected to significantly improve using active stabilization of these powers. We anticipate much greater advances in stability, accuracy, power consumption and compactness to be possible by moving to a chip-based microphotonics platform. 8 (see Fig. 1a ) is held vertically (such that the resonator rotates around its axis) inside a temperature-controlled aluminum box. It is pumped in both directions via a tapered optical fiber. (b) Simplified experimental setup. Laser light is used to pump the microresonator symmetrically in both directions, while the transmission in each direction is monitored with a photodiode. The setup rotates in the plane of the resonator. (c) Effect of rotation on the transmission in the two directions. When the resonator is stationary (upper panel, green curve) the clockwise-counterclockwise (CW-CCW) symmetry spontaneously breaks in the region between the grey dotted lines. The coupled power in the CW direction can choose either the upper or lower branch (feint lines correspond to unstable solutions); in each case the CCW coupled power takes the opposite branch. Rotating the setup breaks the intrinsic symmetry of the system by introducing a small "seed" resonance frequency splitting between the two directions via the Sagnac effect. Outside the grey dotted lines, this initial splitting, and the accompanying difference between the coupled powers, are enhanced by a factor that diverges to infinity as the grey lines are approached, as shown in the lower panel (whereas between the lines the system is hysteretic [8] ). The purple and red curves correspond to rotation speeds of the order of 1 Hz for our resonator; our experiment is currently sensitive at the level of a few degrees per second. Axes are in dimensionless units.
In conclusion, we present the first experimental demonstration of the nonlinear-optical-resonator-based enhanced Sagnac sensor predicted by Kaplan and Meystre in the 1980s [2, 3] . Our preliminary results are very promising, and with the rapid improvements in waveguide-based microresonators and lasers it could be possible to realize highly accurate integrated optical gyroscopes with low power consumption, cost and weight.
